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Summary

22
Insufficient responses to hypocaloric diets have been attributed to hormonal adaptations that 23 override self-control of food intake. We tested this hypothesis by measuring brain fMRI reactivity 24 to food cues and circulating energy-balance hormones in 24 overweight/obese participants before, 25 and 1 and 3 months after starting a calorie restriction diet. Increased activity in prefrontal regions at 26 month 1 correlated with weight loss at months 1 and 3. Weight loss was also correlated with 27 increased plasma ghrelin and decreased leptin at month 1, and these changes were associated with 28 greater food cue reactivity in reward-related brain regions. However, the reduction in leptin did not 29 counteract weight loss; indeed, it was correlated with further weight loss at month 3. Activation in a 30 network of prefrontal regions associated with self-control could contribute to individual differences 31 in weight loss and maintenance, whereas we failed to find that the hormonal adaptations play a 32 major role. 33 Introduction restriction program with measurement of fMRI and metabolic variables at baseline (before 104 initiating the diet), and at months 1 and 3. Body weight was also obtained at two years. During 105 fMRI they viewed 216 pictures of appetizing foods or scenery, and rated them on a 4-point scale. 106
Our results support the first prediction but not the second. 107 108 109
Results & Discussion
110
Calorie restriction resulted in weight loss 111
The 24 participants (1 Male) had a mean age of 37.2 (SD = ±8.4) and a mean body mass index 112
(BMI) at entry of 30.4 (SD = ± 3.2). The personality measures of the study population are listed 113 in Table S1 . We analyzed the changes in weight, physical activity, hunger levels and energy-114 balance hormone levels at months 1 and 3 during calorie restriction, compared with baseline 115 (Fig. 2) . All the analyses were conducted using linear mixed effect modeling. Significant 116 reductions in BMI occurred across the three sessions of calorie restriction (F (1,62) = 86.2, p = 117 2.4 *10 -13 ). Pairwise comparisons showed the reductions in BMI were significant from baseline 118 to month 1 (F (1,61) = 22.91, p = 1.12 *10 -5 , mean weight loss 2.20 ± 4.22 kg), and from month 119 1 to month 3 (F (1,61) = 17.16, p = 0.0001, mean weight loss 1.88 ± 1.55 kg) (Fig. 2-A , Table  120 S2). Self-reported physical activity levels across the sessions did not show significant differences 121 (F (1,31) = 0.31, p = 0.71, Table S2 ). There were no significant differences in hunger assessed by 122 VAS across the sessions (Table S3) . Participants (n=24) were tested three times: at baseline, then at 1 and 3 months during voluntary 129 calorie restriction. On each scan day, participants ate a standard breakfast three hours prior to 130 fMRI imaging. Venous blood and self-reported hunger level on a visual analog scale (VAS) were 131 sampled at the times indicated. Anatomical scanning (T1) was followed by six seven-minute 132 functional runs. During fMRI participants viewed pictures of foods and scenery followed by a 133 rating. 134 Figure 2 . Effects of voluntary calorie restriction. 136 (A) BMI decreased significantly across the sessions. In panels B-F, the plasma concentrations were 137 measured throughout the experiment (0-300 min). 0 min refers to morning (pre-meal) levels, after 138 which participants consumed the standard breakfast (shown as an arrow in B). In all the panes, 30 139 min indicates the response after the breakfast. (B) Leptin decreased at month 1 during the diet 140 compared to baseline, but was not significantly different at month 3 compared with month 1. 141
Glucose (C) and Insulin (D) did not show significant differences across sessions. Total ghrelin (E) 142 and acylated ghrelin (F) levels were lower at month 1 and month 3 compared with baseline. Data 143 are presented as mean ± SEM. Statistics are derived from linear mixed models (MATLAB 144 function fitlme). * = p <0.05; ** = p<0.01. 145 146 Activity in cognitive control networks correlated with weight loss 147
We hypothesized that weight loss would be related to activity in regions implicated in cognitive 148
control. In line with this hypothesis, initial weight loss at month 1 was correlated with an increase in 149 BOLD (month 1 versus baseline) during the food minus scenery contrast in regions associated 150
with cognitive control such as dlPFC, IFG, dACC, inferior parietal lobule, and caudate ( Fig. 3-151 A&B, Table S5 ). This result is in line with studies that showed that cue-related dlPFC activity 152 correlated with weight loss from dieting (Weygandt et al., 2013) or bariatric surgery (Goldman et 153 al., 2013) . Food cue-reactivity in the network of regions related to cognitive control at month 1 (Fig  154   3 -A) correlated positively with subsequent weight loss from month 1 to 3 (r = 0.60, p = 0.013, Fig.  155 3-C). Moreover, activity reductions in this network at month 3 (i.e. a return towards baseline) 156 correlated with weight regain two years later (r = -0.64, p=0.014, Fig. 3-D) . These results suggest 157 that engagement of prefrontal areas implicated in dietary self-control is correlated with initial weight 158 loss at months 1 and 3 and weight loss maintenance at two years. Neuro-computational models of decision-making assume that individuals make choices based on 179 the subjective value assigned to options (Rangel, 2013) . As an example, a subjective value signal for 180 food stimuli might be computed by incorporating aspects of palatability and healthiness. Meta-181 analysis reveals that this stimulus value computation is reflected in the vmPFC (Bartra et al., 2013) , 182 and influenced by its connectivity with regions implicated in reward processing, such as the 183 striatum, and cognitive control, such as the dlPFC and IFG (Hare et al., 2009 (Hare et al., , 2011 Rangel, 2013) . 184
We tested two competing predictions regarding the change in vmPFC response to food cues 185 during calorie restriction: (1) it could increase, reflecting greater valuation of food cues due to 186 negative energy balance; (2) Table S6B ). Focusing on the visual features of valued stimuli has been associated with BOLD 210 response in these regions (van der Laan et al., 2011; Lim et al., 2011) , which have been postulated 211 to send the visual information to the vmPFC, where an overall subjective value of the stimulus is 212 computed and utilized for decision making (Lim et al., 2013) . Weight loss also correlated with 213 increased vmPFC connectivity to left dlPFC in regions previously associated with cognitive control 214 (by using a mask generated from the search term "cognitive-control" in the meta-analytical tool 215 Neurosynth) (Fig.4-F , Table S6C ). 216 These effects tended to subside from month 1 to 3, when there was a reduction in activity in right 240 IFG/Frontal Opercular Cortex ( Fig. S1-A ; Table S6D ), and reduced vmPFC connectivity to left 241 dlPFC ( Fig. S1-B ; Table S7 ). Participants who showed more reduction in right IFG BOLD at 242 month 3 vs. month 1 showed greater weight-regain at 2-year follow-up (r = -0.61, p =0.02, n=14, 243 Fig. S1-B) . , 2014) . In this study, changes in brain activity in these regions predicted 251 subsequent real-life outcomes and correlated with the magnitude of weight loss. However, we 252 observed that both the activity in regions associated with cognitive control as well as their 253 connectivity to vmPFC were reduced at month 3 compared with month 1 suggesting that BOLD 254 changes in cognitive control networks may not be sustained, which appears to correlate with 255 subsequent weight regain (Fig. 3-D) . 256
257
Leptin decreased, and ghrelin increased during calorie restriction 258
Leptin and ghrelin both showed adaptations to weight loss. Plasma leptin showed significant effects 259 for both session (F (1,188) = 81.91, p = 1.79 * 10 -16 ) and sampling time (F (1, 188) = 7.29, p = 260 0.008) (Fig. 2-B) . Levels decreased from baseline at both month 1 (F (1, 188) = 100.52, p = 3.27 * 261
10
-19 ) and month 3 (F (1, 188) = 88.27, p = 2.03 * 10 -17 ), with no change between month 1 and 3 (F 262
(1, 188) = 0.34, p = 0.56). There was a decrease from time 0 to 60 min after breakfast (F (1, 187) = 263 8.10, p = 0.005), followed by an increase post-scan (F (1, 187) = 19.04, p = 2.12 * 10 -5 ), to levels not 264 significantly different from baseline (F (1, 187) = 2.30, p = 0.13). 265
266
Total plasma ghrelin levels showed a main session effect with increase at month 1 (F (1,379) = 267 27.58, p = 2.52 *10 -7 ), remaining high at month 3 (F(1,379) = 26.48, p = 4.29 *10 -7 ), with no 268 change between months 1 and 3 (F (1,379) = 0.017, p = 0.90) (Fig. 2-E) . Levels decreased to a 269 nadir at 120 min after the breakfast (F (1,376) = 46.5, p = 4.54 * 10 -11 ) then rising, the increase 270 being significant from 120 to 180 min (F (1,376) = 18.01, p = 2.77 * 10 -5 ), yet lower than at time 0 271 (F(1,376) = 46.5, p = 4.54 * 10 -11 ). During the scan ghrelin increased further (F (1,376) = 41.81, p = 272 3.11 * 10 -10 ), to a level not different from time 0 F (1,376) = 1.6, p = 0.21). 273
274
Plasma acyl-ghrelin (Fig.2-F) showed a main effect of increase at month 1 (F (1,379) = 5.00, p = 275 0.026), remaining elevated at month 3 relative to baseline F (1,379) = 4.27, p = 0.039). They were 276 not different between months 1 and 3 (F (1,379) = 0.025, p = 0.87). As expected, levels decreased 277 markedly by 60 minutes following breakfast (F (1,376) = 22.63, p = 2.81* 10 -6 ) then rose 278 progressively thereafter. Levels at the end of scan (300 min) were not different than at time 0 (F 279
(1, 376) = 2.2, p =0.14), but increased during the scan (180 vs. 300 min) (F (1, 376) = 20.39, p = 280 8.46 * 10 -6 ). 281
The magnitude of month 1 weight loss was correlated with pre-meal log leptin and ghrelin levels. It 283 was negatively correlated with pre-meal log leptin (r= -0.78, p = 1.56 * 10 -5 , Fig. 5-A) , and positively 284 with pre-meal total ghrelin levels at month 1 (r = 0.67, p = 7.41 * 10 -4 , Fig. 5 
-B) but not with acyl-285
ghrelin levels (r = 0.20, p = 0.38). The effects remained at month 3 when weight loss compared 286 with baseline correlated inversely with pre-meal leptin levels (r = -0.86, p = 5.39 *10 -6 ) and 287 positively with pre-meal acyl ghrelin (r = 0.47, p = 0.048) and total ghrelin levels (r = 0. 56, p = 288
0.016). 289 290
No significant effects of session on glucose and insulin levels were detected (Fig. 2 C-D) . In 291 addition, insulin sensitivity as assessed by homeostatic model assessment (HOMA) was not 292 significantly different across sessions (F(1,61) =1.37, p=0.25, Table S2 ). These results are 293 consistent with insulin resistance playing a minor role in the main outcome variables in this study. 294
295
Leptin is produced by adipocytes. Its plasma levels fall quickly during negative energy balance, and 296 more gradually with diminished fat mass (Friedman & Mantzoros, 2015) . The orexigenic hormone 297 ghrelin is increased in response to energy deficit (Borer et al., 2009; Müller et al., 2015) . In the 298 current study, leptin levels decreased while ghrelin levels increased at month 1, consistent with 299 previous weight loss studies (Wing et al., 1996) . Despite continued weight loss, ghrelin and leptin 300 levels did not change further at month 3, as described previously (Crujeiras et al., 2010; Sumithran 301 et al., 2011) These results suggest that, on average, our participants were in negative energy balance 302 at month 1 and month 3 compared with baseline. 303
Ghrelin and leptin changes correlated with BOLD in reward regions 305
We tested the hypothesis that weight loss-induced changes in ghrelin and leptin would increase 306 brain activation of reward related areas while viewing food cues, and that this would promote over-307 eating and diet failure. Previous studies found that leptin administration reduced food cue 308 reactivity in leptin deficient patients (Aotani et al., 2012; Farooqi et al., 2007) ; while ghrelin 309 administration increased food cue reactivity (Malik et al., 2008) in regions associated with food 310 value and motivation. 311
Consistent with previous studies (Goldstone et al., 2014; Kroemer et al., 2013; Malik et al., 2008) , 312 increased pre-meal ghrelin levels correlated with increased activity at month 1 in mPFC, caudate 313
and visual cortex, all areas associated with appetitive processing (Fig. 5C ,E-F; Table S8 ). Weight 314 loss-induced reductions in pre-meal leptin level also correlated with increased activity in mPFC and 315 visual cortex (Fig. 5C-D , Table S9 ), suggesting that metabolic adaptations at month 1 of 316 contributed to increased food cue reactivity at month 1 compared with baseline. 317
318
Ghrelin and leptin changes did not oppose continued weight loss 319
The next question we addressed was whether negative energy balance signals could counteract 320 participants' efforts to continue losing weight by increasing value-related food cue reactivity and 321 food intake. Contrary to our hypothesis, leptin reductions at month 1 vs. baseline correlated with 322 further weight loss at month 3 vs. month 1 (r = -0.69, p = 0032, Fig. 5 -G) and a lower weight at two 323 years compared with baseline (r = 0.57, p = 0.02, Fig. 5-H) . Increases in ghrelin levels did not 324 significantly relate to weight change at 3 month (r = 0.43, p = 0.099), or at two years compared with 325 baseline (r= -0.34, p = 0. 20), however the direction of the effect was not consistent with ghrelin 326 causing an increase in weight. These results suggest that leptin reductions and ghrelin increases did 327 not oppose continued weight loss, even though they increased reward related food cue-reactivity. 328
Indeed, leptin reductions predicted greater subsequent weight loss. This is likely because leptin 329 reductions were greater in individuals with better appetite control, who lost more weight. 330 In this study, leptin and ghrelin adaptations to weight loss did not explain why diets are 347 unsustainable in the long term. Our results suggest that the reduction of leptin at month 1 are a 348 marker of successful weight loss, correlating with future weight loss and/or maintenance. Indeed, in 349 the Look Ahead study, weight loss at month 1 predicted reduced weight up to 8 years later (Unick 350 et al., 2015) . Our results are not consistent with the prevalent view that reduced leptin levels during 351 energy restriction promote increased food intake and obesity, a theory that has been recently 352 questioned (Flier and Maratos-Flier, 2017) . A recent meta-analysis of reduced leptin levels as apredictor for weight regain was also inconclusive (Strohacker et al., 2014) and leptin 354 pharmacotherapy in the treatment of obesity has produced disappointing results (Bray, 2014; 355 Korner et al., 2013) . All together, these results do not support pharmacologically increasing leptin 356 signaling as an adjunct target for treatment of obesity in conjunction with calorie restriction. 357
However, more research is needed to test the role of leptin for the treatment of obesity in 358 normoleptinemic patients (Friedman and Mantzoros, 2015; Rosenbaum and Leibel, 2014) . 359
360
Conclusions
361
Weight loss is highly variable among individuals embarking on weight-reduction programs and 362 likely depends on interactions between peripheral and central mechanisms of appetite control. 363
While changes in short-and long-term energy signals due to weight loss can affect food intake to 364 maintain a stable weight (Ryan, Woods, & Seeley, 2012) , in humans food intake is also under the 365 influence of cognitive goals and self-regulation. It is important to note that cognitive control 366 changes were not measured here but inferred from the activation of lateral prefrontal areas while 367 viewing food items. Nonetheless, our principal findings are that changes in neural correlates of 368 cognitive control from baseline to month 1 were associated with the magnitude of weight loss at 369 months 1 and 3, while reduced activity from months 1 to 3 in these regions correlated with 370 subsequent weight regain. In addition, increased ghrelin and reduced leptin levels were observed 371 during calorie restriction, but these responses, while increasing food-cue reactivity in reward related 372 brain regions, did not counteract further weight-loss. Thus, we failed to show that hormonal 373 adaptations to negative energy balance play a significant negative role in weight loss success and itsmaintenance. Therefore, it is possible that strategies that target the central brain networks involved 375 in cognitive control might be more effective as weight loss strategies. 376
377
Limitations
378
Although our small sample size is common for within-design neuroimaging studies, it limits our 379 statistical power and the generalizability of our findings. In addition, for some participants we 380 utilized self-reported weight at 2 years, which might have biased our results. Second, we only tested 381 total ghrelin, acyl-ghrelin, leptin, glucose and insulin levels. Therefore, we cannot generalize our 382 results to other metabolic signaling molecules such as glucagon-like peptide (GLP-1). Third, the 383 communication between the metabolic hormones and the brain might have changed as a function 384 of weight status (Ravussin et al, 2014 ); e.g., leptin resistance might have been present in our 385 sample. We did not test for hormonal resistance, and therefore cannot determine how much 386 changes in peripheral signaling affected brain responses at different time points. Nonetheless, 387 leptin and ghrelin did have the expected effects on cue-reactivity in appetitive brain regions. 388
Another limitation is the lack of a control group. Further studies are justified, and could include 389 larger cohorts, a control group, monitoring of daily food intake and activity, indirect calorimetry, 390 more precise estimation of insulin sensitivity, and additional known modulators of food intake and 391 Sci. 1264, 36-48. 430 Borer, K.T., Wuorinen, E., Ku, K., and Burant, C. (2009) . Appetite responds to changes in meal 431 content, whereas ghrelin, leptin, and insulin track changes in energy availability. J. Clin. 432
activity. 392
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